Resistance to infection with Toxoplasma gondii was studied in mice lacking CD4 expression. Such mice developed more brain cysts and survived for a shorter time than did wild-type controls after peroral infection with ME49 cysts. After immunization with the ts-4 strain of T. gondii, CD4-deficient mice exhibited impaired resistance to a challenge infection with virulent RH tachyzoites. Thus, deficient CD4 expression increases the susceptibility of mice to a primary peroral T. gondii infection with cysts and impairs their ability to be successfully vaccinated. CD8 ؉ T cells from blood or spleens of Toxoplasma-infected, CD4-deficient mice expressed markers of activation at frequencies similar to those of infected wild-type mice. Production of IFN-␥ in vitro was moderately depressed, and levels of Toxoplasma-specific immunoglobulin G2a in serum were substantially lower than in wild-type mice. Administration of Toxoplasma-immune serum to ts-4-vaccinated CD4-deficient mice significantly improved their resistance to RH challenge. Also, the survival of CD4-deficient mice chronically infected with ME49 was significantly prolonged by administration of immune serum. These results demonstrate that in addition to CD8
Infection with Toxoplasma gondii may cause serious disease in individuals whose immune systems are compromised from AIDS, immunoablative therapy, or developmental immaturity (19, 23, 25) . Because deficiency in CD4 ϩ T cells is a prominent feature in AIDS patients and other immunocompromised individuals, there is an obvious interest in understanding how CD4 ϩ T cells may be involved in protection against T. gondii. A number of studies with mice have examined whether CD4 ϩ T cells are critically involved in resistance to T. gondii infection at the effector level. Depletion of CD4 ϩ cells by antibody treatment exacerbated infections to an extent in chronically infected mice (9, 15, 39) and revealed a contribution, along with that of CD8 ϩ cells, to resistance to reinfection (10, 29, 38) . Taken together, these studies show that CD4 ϩ cells may contribute to protection against T. gondii in mice with established infections or preexisting immunity. However, those studies also showed that CD8 ϩ T cells play the predominant effector role.
Whether CD4 ϩ T cells are needed for generation of immunity to T. gondii has also been studied. Mice treated with anti-CD4 antibody before and after infection with T. gondii cysts had more extensive mortality after several weeks than did control mice (9, 28, 39) . However, mice treated with anti-CD8 antibody just before or after T. gondii infection died sooner than did mice treated with anti-CD4 (28, 34) , again suggesting that CD8 ϩ cells play a decisive effector role in adaptive immunity to T. gondii, with CD4 ϩ cells perhaps functioning to enhance CD8
ϩ T-cell-dependent immunity. Further evidence of CD4 ϩ T-cell involvement in the generation of adaptive immunity to T. gondii was shown in experiments in which mice were infected with T. gondii and depleted of CD4 ϩ cells. They developed more brain cysts than did controls and exhibited reduced blastogenic and delayed-type hypersensitivity responses to T. gondii antigens and lower T. gondii-specific serum antibody levels (3) . From this and a similar study investigating mortality (2) , it was concluded that CD4 ϩ T cells are important for the generation of adaptive immunity to T. gondii.
The foregoing studies demonstrated that CD4 ϩ cells may contribute to both the generation and expression of resistance to T. gondii, but they do not indicate the mechanism of that contribution. Candidate mechanisms include help, via interleukin-2 (IL-2) production, for the generation of CD8 ϩ cytolytic T cells; conditioning of dendritic cells, via CD40-CD40L interaction, to activate CD8 ϩ cells (32) ; production of gamma interferon (IFN-␥), a cytokine crucial to resistance to T. gondii (36, 37) ; control of levels of pathogen-derived ligands that drive CD8 ϩ T-cell responses (6); and help for B cells to produce isotype-switched antibodies that may be important for resistance to T. gondii (18, 33) .
In this study, we have focused on the last of these possibilities. A role for antibodies in resistance to T. gondii has been examined in several older studies (7, 16, 20, 22) . For the most part, these studies have shown that immune serum, by itself, is not very protective. However, these passive-immunization studies were conducted with unimmunized mice or mice lacking T cells, which are now known to be essential for resistance. In mice lacking B cells but in which immune T cells were present, passive immunization was effective (7, 18, 33) .
We have tested the hypothesis that CD4 ϩ T cells contribute to resistance to T. gondii via their role in humoral immunity by using mice that lack conventional CD4 ϩ T cells because they do not express the CD4 antigen but which do possess CD8 ϩ T cells (26) . After infecting such mice with a mildly virulent cyst-forming strain of T. gondii, or with an attenuated vaccine strain of the parasite, we analyzed the resulting immune responses and determined whether passive immunization with immune serum improves resistance to the parasite.
MATERIALS AND METHODS
Mice. C57BL/6J (B6) and C57BL/6J-Cd4 tm1Knw (CD4Ϫ/Ϫ) mice were used. In one experiment, CD4-deficient B10.BR mice and B10.BR CD4-sufficient controls were used. Mice were between 8 and 12 weeks of age at the start of experiments. Unless otherwise noted, male mice were used. Mice were bred in the Animal Breeding Facility of the Trudeau Institute under barrier-sustained conditions from founder stocks obtained originally from The Jackson Laboratory, Bar Harbor, Maine. Mice were given acidified water and laboratory chow ad libitum. Sera of mice bred at the Trudeau Institute are periodically screened by the University of Missouri Research Animal Diagnostic and Investigative Laboratory to verify that the mice are free of common viral pathogens of mice. The Trudeau Institute is fully accredited by the American Association for the Accreditation of Laboratory Animal Care.
Parasites and infections. ME49 cysts, obtained originally as a gift from Jack Remington, Palo Alto Medical Foundation, were prepared from brains of chronically infected B6 females. Brain suspensions were prepared in Hanks balanced salt solution, cysts were counted, and suspensions were diluted appropriately so that 0.1 ml contained the desired number of cysts, which were administered with a 19-gauge gavage needle. Parasites of the ts-4 strain (30) were maintained in cultures of human fibroblasts (Hs68) at 33°C in a humidified 5% CO 2 atmosphere in RPMI 1640 medium buffered with 10 mM HEPES and supplemented with 2 mM L-glutamine, 50 M 2-mercaptoethanol, 100 U of penicillin G sodium/ml, 100 g of streptomycin/ml, and 10% fetal bovine serum. RH strain tachyzoites were maintained essentially the same as were ts-4 tachyzoites, except that they were cultured at 37°C.
To initiate chronic infections, mice were fed brain suspensions containing 10 ME49 cysts. Mice were immunized by intraperitoneal (i.p.) injection of 2 ϫ 10 4 ts-4 tachyzoites. Immunized mice were challenged by i.p. injection of 2 ϫ 10 3 RH tachyzoites, a dose that is lethal for unimmunized mice.
Spleen cell cultures. Suspensions of spleen cells from infected and uninfected control mice were cultured in the supplemented RPMI 1640 medium described above. Individual wells contained 6 ϫ 10 5 spleen cells together with either concanavalin A (final concentration, 5 g/ml), ts-4 tachyzoites (10 5 /well), or medium only in a final volume of 200 l. Supernatants were harvested after 72 h and stored frozen (Ϫ20°C) until assayed by enzyme-linked immunosorbent assay (ELISA).
Cytokine quantitation. Cytokines (IFN-␥ and IL-12p40) in sera and in spleen cell culture supernatants were quantitated by ELISA as previously described (17) . Briefly, 96-well microtiter dishes were coated with capture antibodies (for IFN-␥, R4-6A2; for IL-12p40, C15.6), and progressive dilutions of samples to be assayed were added and incubated. Bound cytokines were then detected by addition of detection antibodies (for IFN-␥, polyclonal rabbit anti-IFN-␥ [a kind gift of Edward Havell, North Carolina State University], followed by biotinylated goat-anti-rabbit immunoglobulin; for IL-12, biotinylated C17.8), followed by alkaline phosphatase-conjugated streptavidin and a chromogenic substrate. Unless otherwise noted, all antibodies were obtained from Pharmingen, San Diego, Calif. Plates were read in an automated ELISA plate reader. Sample absorbances were compared with those from standard curves for each cytokine which were generated from progressive dilutions of known amounts of a reference standard of each cytokine. Serum IgG2a quantitation. Titers of serum immunoglobulin G2a (IgG2a) specific for T. gondii were determined as described elsewhere (33) . Briefly, ELISA plates were coated with soluble T. gondii tachyzoite lysate and dilutions of sera obtained from infected mice were added. After washing, alkaline phosphatase-conjugated goat-anti-mouse IgG2a was added, wells were washed, and a chromogenic substrate was added. To calculate the titers of individual samples, absorbances were read in an ELISA plate reader and compared with those on a standard curve generated from a laboratory reference standard serum whose titer was determined in each assay.
Flow cytometry of peripheral blood cells and spleen cells. Peripheral blood cells (erythrocytes removed by hypotonic lysis) or spleen cells were analyzed by flow cytometry. The following antibodies were used: anti-CD4 [fluorescein iso-
Southern Biotechnology Associates], and anti-CD19 (phycoerythrin-conjugated 1D3). F(ab)Ј 2 antibodies were conjugated at the Trudeau Institute. Unless stated otherwise, antibodies were purchased from Pharmingen. Cells were pretreated with Fc Block (Pharmingen) prior to incubation with specific antibodies. Cells were analyzed with a Becton-Dickinson FACScan flow cytometer and Cell Quest software.
Serotherapy. Mice immunized with tachyzoites and mice chronically infected with cysts were given multiple injections of immune or nonimmune serum as detailed in the figure legends. Immune sera were obtained from male B6D2F1 mice immunized by oral inoculation with 20 ME49 cysts, followed by i.p. inoculation with 2 ϫ 10 4 ts-4 tachyzoites 8 weeks later. Mice were bled after a further 4 weeks, and their sera were pooled and stored frozen until use. Nonimmune sera were obtained from unimmunized B6D2F1 mice. Titers of T. gondii-specific immune sera were determined by plate ELISA.
Statistics. Survival data were compared by the Wilcoxon (Mann-Whitney) two-sample test. Cell numbers, cytokine levels, and antibody titers were compared by Student's t test. In all figures, error bars represent standard deviations. Each experiment was performed at least twice.
RESULTS

CD4
-deficient mice are susceptible to primary chronic infection and show impaired resistance to a challenge infection with virulent tachyzoites after immunization with vaccine strain tachyzoites. Experiments were performed to determine whether mice genetically deficient in expression of CD4 antigen were impaired in resistance to a primary peroral (p.o.) infection with T. gondii cysts and or to a secondary infection with virulent tachyzoites, similar to mice in which CD4 ϩ cells were depleted with antibodies, as others have observed. Groups of CD4Ϫ/Ϫ mice and B6 controls were given 10 ME49 cysts p.o., and their survival was monitored. Results from a representative experiment are shown in Fig. 1A . CD4Ϫ/Ϫ mice all died within 40 days of infection, whereas B6 mice survived beyond 70 days. Brain cyst burdens were compared in p.o.-infected CD4-deficient mice and B6 controls and also in CD4-deficient B10.BR background mice and B10.BR controls 5 weeks after the mice were given ME49 cysts p.o. As shown in Fig. 1B , CD4-deficient mice had significantly more brain cysts than did CD4-sufficient controls regardless of whether the mice had the B6 genetic background (genetically susceptible to T. gondii) or the more resistant B10.BR genetic background.
To assess acquired immunity to a challenge infection, CD4-deficient mice and CD4-sufficient B6 controls were immunized with a single injection of 2 ϫ 10 4 ts-4 tachyzoites. Mice of both types survived in apparent good health for at least 100 days following such an immunization. Groups of B6 and CD4-deficient mice were also left unimmunized as controls. Eight weeks later, immunized and unimmunized mice were challenged with an i.p. injection of 2 ϫ 10 3 highly virulent RH tachyzoites. Data presented in Fig. 2 show that after ts-4 immunization, B6 mice were protected whereas CD4-deficient mice were not. Essentially similar results were obtained in another experiment in which the interval between immunization and challenge was extended to 20 weeks (data not shown). ts-4-immunized, CD4-deficient mice lost body weight precipitously from day 4 after being challenged until they died or became moribund and were euthanatized (data not shown). In contrast, ts-4-immunized B6 controls exhibited only a minor, transient weight loss.
Activation of CD8 ؉ T cells and production of IL-12 are comparable in T. gondii-infected, CD4-deficient mice and B6 mice, but IFN-␥ is moderately reduced. Experiments were performed to determine whether the impaired resistance to T. gondii infection in CD4-deficient mice is associated with impaired CD8 ϩ T-cell activation or deficient production of the protective type 1 cytokines IL-12 and IFN-␥. Peripheral blood cells and spleen cells from ts-4-immunized and unimmunized CD4-deficient mice and B6 controls were analyzed by flow cytometry approximately 8 weeks after ts-4 immunization. Figure 3A shows that ts-4-vaccinated B6 and CD4-deficient mice had nearly identical percentages of peripheral blood CD8 ϩ T cells expressing the CD45RB lo phenotype, characteristic of antigen-experienced cells, and the levels of these cells was significantly (P Ͻ 0.001) greater in immunized mice than in corresponding unimmunized controls. Quantitation of the absolute numbers of activated CD8
ϩ peripheral blood lymphocytes revealed the same pattern of significant differences (data not shown). Similar results were found when spleen cells were analyzed (Fig. 3B) . Numbers of CD8 ϩ CD45RB lo splenic lymphocytes were not statistically significantly different in immunized B6 and CD4-deficient mice, but there were significantly more of these cells in both groups of immunized mice than in unimmunized controls.
To assess type 1 cytokine levels, spleen cells from ts-4-immunized CD4-deficient mice and B6 controls, along with spleen cells from unimmunized mice of both strains, were obtained 8 weeks after mice were immunized and cells were restimulated for 3 days in vitro with ts-4 tachyzoites or medium alone. Levels of IL-12p40 and IFN-␥ in culture supernatants were determined by ELISA. Levels of both of these cytokines were significantly elevated in cultures of cells from immunized mice, compared with levels in unimmunized controls (Fig. 4  and 5) . The levels of each cytokine in cultures of cells from immunized B6 and CD4-deficient mice were not significantly different, although IFN-␥ levels were moderately lower in the case of CD4-deficient mice. Together, these analyses revealed no gross deficiency in the ability of ts-4-immunized CD4-deficient mice to generate activated CD8 ϩ T cells or to become primed to make IL-12 or IFN-␥ upon restimulation of spleen cells with parasites. We also assayed culture supernatants for IL-10 by ELISA, but levels in all groups were beneath the limit of detection (approximately 30 pg/ml).
Analyses were also performed on peripheral blood cells and spleen cells taken from CD4-deficient mice and B6 mice that had been infected with 10 ME49 cysts p.o. between 4 and 5 weeks earlier. This interval was chosen so that analyses could be performed just before infected CD4-deficient mice became moribund (Fig. 1A) . Percentages of CD8 ϩ CD45RB lo cells in peripheral blood were equivalently elevated in both groups of mice infected p.o., similar to what was seen in ts-4-immunized mice. Numbers of CD45RB lo CD8 ϩ spleen cells were also approximately the same in chronically infected B6 mice (2.2 ϫ 10 6 Ϯ 1.3 ϫ 10 6 ) and CD4-deficient mice (1.8 ϫ 10 6 Ϯ 1.6 ϫ 10 6 ). IFN-␥ levels in spleen cell cultures from both B6 and CD4-deficient mice were significantly elevated above the levels seen in unimmunized controls. However, the level of IFN-␥ in CD4-deficient-cell cultures (11.1 Ϯ 4.5 U/ml) was significantly lower than that in B6 cultures (25.5 Ϯ 6.6 U/ml). IFN-␥ levels in sera of the chronically infected B6 and CD4-deficient mice were beneath the level of detection. Levels of serum IL-12 3 RH tachyzoites 56 days later. Vaccinated CD4-deficient mice had significantly shorter survival times than did vaccinated B6 controls (P Ͻ 0.05). Vaccinated CD4-deficient mice survived significantly longer than did unvaccinated CD4-deficient mice (P Ͻ 0.05).
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were approximately equal (between 2.5 and 3.0 ng/ml) in both infected groups.
T. gondii-infected CD4-deficient mice have reduced titers of parasite-specific serum IgG2a. CD4
ϩ helper T cells would be expected to be needed for generation of high titers of isotypeswitched serum antibodies specific for T. gondii antigens. To investigate that requirement, we analyzed the sera of mice 8 weeks after they were inoculated with ts-4 tachyzoites. Data in Fig. 6 demonstrate that levels of T. gondii-specific serum IgG2a, the predominant isotype elicited by T. gondii infection, were barely above the limit of detection and significantly lower than that of ts-4-immunized B6 controls (P Ͻ 0.05). An almost identical pattern of results was seen in sera of immunized and unimmunized B10.BR CD4-deficient and CD4-sufficient mice that had been infected for 5 weeks with ME49 cysts (data not shown).
Survival of ts-4-immunized, RH-challenged CD4-deficient mice, or CD4-deficient mice chronically infected with ME49
cysts is improved by administration of Toxoplasma-immune serum. We have previously shown that the survival of ts-4-vaccinated B-cell-deficient (MT) mice challenged with highly virulent RH tachyzoites can be significantly prolonged by administration of Toxoplasma-immune serum (33) . Because CD4-deficient mice immunized with ts-4 tachyzoites generate only very low titers of T. gondii-specific serum IgG2a, we hypothesized that the survival of these mice would also be prolonged if they were given injections of Toxoplasma-immune
FIG. 3. (A) Percentage of CD45RB
lo CD8 ϩ peripheral blood lymphocytes in vaccinated and unvaccinated CD4-deficient and control B6 mice. Groups of five B6 or CD4-deficient male mice were vaccinated i.p. with 2 ϫ 10 4 ts-4 tachyzoites and bled 8 weeks later. Peripheral blood leukocytes were isolated and analyzed by flow cytometry. Bars show the percentages of CD8 ϩ lymphocytes that exhibited the CD45RB lo phenotype. These percentages were not significantly different between vaccinated CD4-deficient mice and B6 controls but were significantly greater in vaccinated mice of each strain than in corresponding unvaccinated controls (P Ͻ 0.05). (B) Numbers of CD45RB lo CD8
ϩ splenic lymphocytes in ts-4-vaccinated and unvaccinated CD4-deficient and control B6 mice. Groups of four B6 or CD4-deficient mice were vaccinated with 2 ϫ 10 4 ts-4 tachyzoites i.p., and their spleens were harvested 8 weeks later and analyzed by flow cytometry. Numbers of activated CD8 ϩ splenic lymphocytes were not significantly different between vaccinated B6 and CD4-deficient mice, but numbers of those cells were significantly greater in spleens of vaccinated mice than in those of corresponding unvaccinated controls (P Ͻ 0.05) .   FIG. 4 . IL-12p40 levels in cultures of spleen cells from vaccinated CD4-deficient mice and B6 controls. Groups of four B6 or CD4-deficient mice were immunized by i.p. injection of 2 ϫ 10 4 ts-4 tachyzoites. Spleen cells were harvested 8 weeks later, plated, and stimulated in vitro with ts-4 tachyzoites as described in Materials and Methods. Culture media were harvested after 72 h and analyzed for content of IL-12p40 by ELISA. IL-12 levels were not significantly different between vaccinated B6 and CD4-deficient spleen cell cultures, but levels of each were significantly higher than levels in corresponding cultures from control unvaccinated mice (P Ͻ 0.05).
FIG. 5. IFN-␥ levels in cultures of spleen cells from vaccinated
CD4-deficient mice and B6 controls. Groups of four B6 or CD4-deficient mice were immunized by i.p. injection of 2 ϫ 10 4 ts-4 tachyzoites. Spleen cells were harvested 8 weeks later and stimulated in vitro with ts-4 tachyzoites as described in Materials and Methods. Culture media were harvested after 72 h and analyzed for IFN-␥ content by ELISA. IFN-␥ levels were not significantly different between vaccinated B6 and CD4-deficient spleen cell cultures, but levels of each were significantly higher than levels in corresponding cultures from control unvaccinated mice (P Ͻ 0.05). serum when challenged with RH tachyzoites. ts-4-immunized CD4-deficient mice given a total of 6 injections (0.5 ml each) of T. gondii-immune serum (log 10 IgG2a titer, 4.20) on days Ϫ1, 0, 2, 4, 7, and 10 relative to a challenge with RH tachyzoites survived significantly longer than did equivalently immunized mice treated with equal amounts of nonimmune serum (Fig.  7) . However, after injections of immune serum were discontinued, the mice eventually died. To determine whether the immune sera used in these experiments contained other potentially protective constituents, we assayed immune and nonimmune sera for IFN-␥, TNF-␣, and nitric oxide (as nitrite). Levels of each of these in immune sera were essentially the same as in nonimmune sera (IFN-␥ and TNF-␣, Ͻ125pg/ml; nitrite, approximately 35 M) and so do not explain the differences in therapeutic effect that were seen.
Experiments similar in concept were performed to determine whether serotherapy would prolong the survival of CD4-deficient mice chronically infected with T. gondii cysts. Groups of CD4-deficient mice and B6 mice were infected with 10 ME49 cyst p.o. After 29 days, cyst burdens in brains were checked in two mice per group to determine that heavier burdens were found in CD4-deficient mice (average of 2,400 cysts per brain) than in B6 mice (average of 750 cysts per brain). Injections of 0.5 ml of immune or nonimmune serum were initiated on day 32 of infection in the remaining CD4-deficient mice and repeated on days 36, 40, 42, 44, 46, 50, and 54 in surviving mice. As evidenced in Fig. 8 , all recipients of nonimmune serum were dead by day 47 whereas recipients of immune serum survived significantly longer (P Ͻ 0.05), eventually dying between days 47 and 71. All of the infected but otherwise untreated B6 mice survived beyond 70 days in this experiment.
DISCUSSION
We have shown in this study that CD4-deficient mice have impaired resistance to both chronic primary T. gondii infection and to challenge infections after being vaccinated with ts-4 tachyzoites. Although CD4-deficient mice lack cells expressing the CD4 antigen, they may possess compensatory populations of major histocompatibility complex (MHC) class II-restricted CD8 ϩ cells (13, 24) and significant numbers of CD4 Ϫ CD8 Ϫ CD3 ϩ T cells (14) . However, it is unlikely that either of these FIG. 6 . T. gondii-specific serum IgG2a levels in ts-4-vaccinated CD4-deficient and B6 mice. B6 and CD4-deficient mice were immunized by i.p. injection of 2 ϫ 10 4 ts-4 tachyzoites and bled 8 weeks later. T. gondii-specific serum IgG2a titers were determined by ELISA. Antibody titers in immunized B6 mice were significantly (P Ͻ 0.05) higher than those in immunized CD4-deficient mice. Titers in unimmunized mice of both strains were beneath the limit of detection (log 10 titer of 1.70).
FIG. 7. Changes in body weight and survival of ts-4-immune CD4-deficient mice given immune or nonimmune serum and challenged with RH tachyzoites. Two groups of five CD4-deficient mice and one group of five B6 mice were immunized by i.p. injection of 2 ϫ 10 4 ts-4 tachyzoites. Six weeks later, CD4-deficient mice were given injections of 0.5 ml of immune (log 10 T. gondii-specific IgG2a titer, 4.20) or nonimmune serum on days Ϫ1, 0, 2, 4, 7, and 10 relative to an i.p. challenge with 2 ϫ 10 3 RH tachyzoites. CD4-deficient mice given nonimmune serum survived for a significantly shorter time than did CD4-deficient mice given immune serum (P Ͻ 0.05). ϩ cells, which are known to play a significant protective role against a challenge infection with virulent RH tachyzoites (10) . This help might be provided by CD4 ϩ cell-dependent "conditioning" of dendritic cells that present antigens on MHC class II molecules so that the dendritic cells become capable of activating CD8 ϩ T cells, encountered later, that recognize antigens presented in association with MHC class I on the dendritic cells (32) . Our finding that CD8 ϩ T cells from infected CD4-deficient mice express an activated (antigen-experienced) phenotype argues against this explanation.
Despite displaying an antigen-experienced phenotype, CD8 ϩ T cells from infected CD4-deficient mice may be unable to perform cytolysis of infected targets. Whether the cytolytic function of CD8 ϩ cells is an important component of their protective function is not clear. ts-4-vaccinated perforin gene knockout mice were completely resistant to a challenge infection with virulent parasites but did die sooner than wild-type controls and developed heavier cyst burdens when chronically infected with ME49 cysts (5). Although we have not examined whether CD4-deficient mice immunized with ts-4 tachyzoites generate T. gondii-specific cytotoxic T lymphocytes (CTL), we infer from the cited studies that it is unlikely that the impaired resistance to RH challenge in CD4-deficient mice immunized with ts-4 tachyzoites results from an inability to generate CD4-dependent CTL activity against T. gondii-infected cells. Whether chronically infected CD4-deficient mice have impaired CTL activity against T. gondii-infected targets remains to be determined. It seems unlikely, however, that passive immunization with immune serum would overcome the susceptibility of chronically infected CD4-deficient mice, as we have seen, if it were caused by a deficiency in CTL. We also note that there are many reports of pathogen-specific CTL being generated in the absence of CD4 ϩ cells (4, 27, 31, 32) , and perhaps this is true for T. gondii.
IFN-␥ is critical for protection of chronically infected mice and against RH challenge in ts-4-immunized mice, and CD4-deficient mice exhibit a modest deficiency in IFN-␥ production. Therefore, it is possible that this deficiency might underlie the susceptibility to T. gondii in these mice, at least to some extent. In fact, IFN-␥ responses in vivo may be even more depressed than those observed in vitro. IFN-␥ is detectable for only a relatively short period in the serum of T. gondii-infected mice. For the first few days after a primary infection, IFN-␥ is made independently of CD4 ϩ or CD8 ϩ T cells (17) but these cells produce IFN-␥ a few days later (34) . We compared IFN-␥ levels in sera of B6 and CD4-deficient mice 8 days after feeding them cysts or injecting them with ts-4 tachyzoites i.p. We saw no significant difference in IFN-␥ levels in mice fed cysts but saw significantly lower levels in CD4-deficient mice injected with ts-4 tachyzoites (data not shown). We speculate that this difference is attributable to the lack of production by CD4 ϩ cells, which are believed to be significant producers of IFN-␥ at that stage of infection (8) , and in vaccinated and rechallenged mice (10) . Deficient levels of IFN-␥ could also result from an indirect effect on B cells in CD4-deficient mice. B cells are capable of IFN-␥ production in response to T. gondii (11) , and the B-cell responses to an infection may be severely affected in the absence of CD4 ϩ cells (12) . However, whatever the cause, this decrease in IFN-␥ did not cause deaths of mice, as we and many others have observed in mice completely lacking IFN-␥ and given ts-4, so we are uncertain of its significance.
It has been a repeatable finding in these studies that ts-4-vaccinated CD4-deficient mice survive slightly longer than unvaccinated mice when challenged with RH tachyzoites. We have not determined the basis for this effect. However, we have observed similar resistance in ts-4-vaccinated B-cell-deficient MT mice, which appears to depend on IFN-␥. We speculate that IFN-␥, and probably CD8 ϩ T cells too, will be found to contribute to the similar modest resistance seen in vaccinated CD4-deficient mice after an RH challenge.
The most significant finding of this study is that the deficiency in resistance to a primary p.o. infection in CD4-deficient mice can be temporarily overcome by administration of immune serum, as can the defective resistance to a challenge with virulent tachyzoites in ts-4-vaccinated CD4-deficient mice, so long as the CD4-deficient mice have been vaccinated with ts-4 tachyzoites or are chronically infected with cysts. This suggests that one of the protective functions of conventional CD4 ϩ T cells in these models is to provide help for antibody responses to T. gondii. We have previously shown that resistance to a challenge infection with virulent RH tachyzoites can be markedly improved in ts-4-immunized B-cell-deficient mice by administration of serum from donors immunized with T. gondii (33) , and others have shown that repeated injections of immune serum begun early in infection can diminish the severity of a primary infection in the chronic stage in B-cell-deficient mice (18) . The present study thus lends further support to the idea that an inability to produce isotype-switched antibodies leads to impaired resistance to T. gondii. We stress, however, that antibody alone is insufficient to protect T. gondii-infected mice. It is clear from studies cited above that T cells, especially CD8 ϩ cells, and IFN-␥ are essential components of protective immunity.
We have not determined the mechanism by which antibodies, along with immune T cells, may function protectively in these experiments. However, in a previously published study, we observed that serum from T. gondii-immunized mice was able to severely limit the ability of tachyzoites to infect cells that were readily infected in the presence of nonimmune serum (33) . Thus, one can speculate that antibody may limit the infection of parenchymal cells of the host, thus leaving fewer infected cells to be dealt with by cell-mediated immune mechanisms. Alternatively, antibody-coated parasites may be more readily destroyed by host effector cells (1) that have been activated by IFN-␥ and TNF-␣, as suggested by in vitro studies (21, 35) .
